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Abstract
Electron paramagnetic resonance (EPR) spectroscopy has often played a crucial role in characterizing the various
cofactors and processes of photosynthesis, and photosystem II and its oxygen evolving chemistry is no exception. Until
recently, the application of EPR spectroscopy to the characterization of the oxygen evolving complex (OEC) has been limited
to the S2-state of the Kok cycle. However, in the past few years, continuous wave-EPR signals have been obtained for both
the S0- and S1-state as well as for the S2^YZ-state of a number of inhibited systems. Furthermore, the pulsed EPR technique
of electron spin echo electron nuclear double resonance spectroscopy has been used to directly probe the 55Mn nuclei of the
manganese cluster. In this review, we discuss how the EPR data obtained from each of these states of the OEC Kok cycle are
being used to provide insight into the physical and electronic structure of the manganese cluster and its interaction with the
key tyrosine, YZ. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The oxygen evolving complex (OEC) is the termi-
nal electron donor of photosystem II (PS II) [1,2].
While no de¢nitive structure for the OEC has been
determined, it is thought that the catalytic site of
oxygen evolution consists of a cluster of four man-
ganese ions ligated mainly by amino acid residues
from the D1 protein. Additionally, the OEC likely
contains a Ca2 ion and a Cl3 ion, as these ions are
absolutely required for proper function [2]. It is not
known if the Ca2 and Cl3 ions are directly involved
in catalysis or, alternatively, if they simply contribute
to the structural sca¡olding forming the active site
surrounding the manganese cluster. Recently, con-
sensus has been forming that amino acid residues
D1-Tyr161 and D1-His190 are intimately associated
with the Mn ions and, therefore, they could be con-
sidered part of the OEC as well [3^8].
Although the kinetic, thermodynamic and bio-
chemical properties of the OEC have been exten-
sively studied over the past 30 years [2^4,9], a num-
ber of important questions concerning the mech-
anism of oxygen evolution remain unanswered.
(1) What is the structure of the manganese cluster?
(2) When do the two molecules of water bind?
(3) When does the water oxidation chemistry begin?
(4) What are the chemical intermediates during water
oxidation? (5) What are the respective roles of Ca2,
Cl3, D1-His190 and D1-Tyr161 in the catalytic
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cycle? In principle, electron paramagnetic resonance
(EPR) spectroscopy is able to address each of these
questions.
In this paper, we focus on the ¢rst of these key
questions, by describing the advances in our under-
standing of the physical and electronic structure of
the OEC Mn cluster that have come from EPR spec-
troscopy and associated techniques such as electron
nuclear double resonance (ENDOR). In principle,
for each paramagnetic S-state of the Kok cycle,
EPR spectroscopy can determine the nuclearity of
the cluster, reveal details of the electronic structure
of the individual Mn ions and provide insight into
the overall cluster physical structure. The EPR meth-
ods are largely complementary to the X-ray spectro-
scopic methods of extended X-ray absorption ¢ne
structure (EXAFS) and X-ray absorption near edge
spectroscopy (XANES) (see other review in this is-
sue, [10^13]) and at the nexus of these two major Mn
cluster spectroscopies resides much information
about the physical and electronic structure of the
cluster in the various S-states.
EPR spectroscopy concerns itself with the absorp-
tion or emission of electromagnetic energy by the
magnetic moments of atomic or molecular systems.
These magnetic moments can either be of unpaired
electrons alone in the case of EPR, or both electrons
and nuclei in the case of ENDOR. Eq. 1 is the gen-
eral spin Hamiltonian for a system containing n elec-
tron and n nuclear magnetic moments, such as the
case for n Mn paramagnetic ions, each with an asso-
ciated magnetic (55Mn) nucleus:
1
The ¢rst term is the electron Zeeman term. The sec-
ond term is the electron-nuclear hyper¢ne term,
where in this case, we are neglecting hyper¢ne inter-
actions with nuclei other than the one directly asso-
ciated with the ith electron spin. The third term is the
electronic zero-¢eld splitting term. The fourth term is
the nuclear quadrupole zero-¢eld splitting term. The
¢fth term is the nuclear Zeeman term. The ¢nal term
represents the magnetic exchange couplings between
the n paramagnetic ions, assumed to be isotropic in
this work. In Eq. 1, B
!
is the external magnetic ¢eld;
g‹i is the g-tensor of atom i ; SŒ i is the electron spin
angular momentum operator associated with the
electron spin magnetic moment of atom i ; IŒi is the
nuclear spin angular momentum operator associated
with the nuclear spin magnetic moment of nucleus i ;
Aì i is the hyper¢ne tensor for the interaction of the
electron magnetic moment of atom i with the nuclear
magnetic moment of nucleus i ; Pì i is the quadrupole
tensor of nucleus i ; Qi is the gyromagnetic ratio of
nucleus i.
The exchange couplings between the n ions corre-
late their spins. This leads to a ladder of total
‘coupled’ spin states (ST), which results as a vector
sum of the individual ion spin vectors. For a given
coupled spin state, one can rewrite Eq. 1 in terms of
a total spin angular momentum operator SŒ T :
H^coupled  B!W~g0WS^T
Xn
i
S^TW~A0iWI^ i  I^ iW~PiWI^ i3Q i B!WI^ i  S^TW~D0WS^T 2
For this spin state, there is a g‹P matrix associated
with the coupled spin state ST, along with a zero-
¢eld splitting matrix, Dì P, if the total spin, ST is one
or greater. This total spin, ST, interacts with the n
individual nuclei though a set of hyper¢ne matrices
Aì Pi. Additionally, each nucleus has a quadrupolar
coupling and a nuclear Zeeman term, the same as
in the uncoupled case.
The details of the ladder of spin states and the
vector couplings that de¢ne them depend on the
number of paramagnetic ions, their individual spins,
and the pattern of exchange couplings between
the ions. For example, antiferromagnetic coupling
(J126 0) between an S = 2 Mn(III) ion and an
S = 3/2Mn(IV) ion leads to four distinct total spin
states, ST = MSIII3SIVM .. MSIII+SIVM= 1/2, 3/2, 5,2
and 7/2, with ST = 1/2 being the ground spin state.
The di¡erence in energy between the ground S = 1/2
state and the ¢rst excited S = 3/2 state is equal to
3J12. The order of the ladder is reversed for ferro-
magnetic coupling (J12s 0).
The coupled g-tensor, g‹P, the zero-¢eld splitting
tensor, Dì P, and the hyper¢ne tensors, Aì P, in Eq. 2
are not identical to the tensors of Eq. 1 and are
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referred to as ‘e¡ective tensors’ for the coupled state.
For example, the relationship between a given e¡ec-
tive hyper¢ne tensor, Aì Pi, and the intrinsic tensors,
Aì i, of the isolated, uncoupled ions (Eq. 1) is given by
a so-called projection matrix b, which depends on the
total spin state ST, the isolated spins Si and their
respective zero-¢eld splitting tensors Dì i, and the pat-
tern of exchange interactions Jjk (Aì Pi = Aì ib(ST,
Jjk,Dì i)). Calculation of the projection matrix follows
the quantum mechanical rules for addition of angu-
lar momenta in a straightforward fashion [14]. In a
similar fashion, the coupled g‹P and Dì P matrices can
be related to the isolated g‹i and Dì i matrices through
comparable projection matrices. Each individual to-
tal spin state of the system will have a di¡erent set of
projection matrices, and as a result, a di¡erent set of
e¡ective g‹P, Aì P and Dì P tensors.
Eq. 1 is referred to as the uncoupled spin Hamil-
tonian because the individual spin operators are
present, while Eq. 2 is referred to as the coupled
spin Hamiltonian because the individual spin opera-
tors are coupled into the total spin operator. The
coupled Hamiltonian can be considered the observed
Hamiltonian because the applied microwave radia-
tion in an EPR or ENDOR experiment interacts
with the total magnetic moment of a spin system,
and it is therefore the g‹P, Aì P and Dì P tensors that
are measured. As a result, an EPR or ENDOR spec-
trum is ¢rst analyzed in terms of Eq. 2, and then the
e¡ective tensors are transformed to the correspond-
ing intrinsic tensors through calculation of the pro-
jection matrices.
Conventional continuous wave (CW)-EPR spec-
troscopy is usually adequate for determining the ef-
fective gP and DP tensors in Eq. 2. In cases where the
majority of the allowed EPR transitions are resolved,
CW-EPR can determine the e¡ective hyper¢ne ten-
sors. In cases of high spectral congestion, such as the
case for the PS II Mn signals, the ENDOR technique
provides a much better measure of the e¡ective hy-
per¢ne tensors, and also of the nuclear quadrupole
tensors, which are typically di⁄cult to extract from
CW-EPR spectra. For systems with ST = 1/2, the ef-
fective zero-¢eld splitting term, DP, is zero. However,
the intrinsic Di tensors still in£uence the hyper¢ne
projection matrices relating the intrinsic and e¡ective
hyper¢ne matrices, and therefore these Di matrices
can be probed via ENDOR.
Fortunately, the high spin manganese oxidation
states Mn(II), Mn(III) and Mn(IV) thought to exist
in the OEC are all paramagnetic with electron spins
of S = 5/2, 2 and 3/2, respectively, and therefore will
all contribute to the magnetic properties of the
coupled cluster. The 100% natural abundant 55Mn
nucleus has a nuclear spin I = 5/2. Of the six terms
in Eq. 1, the hyper¢ne, zero-¢eld splitting and iso-
tropic exchange coupling terms will provide the most
information with regard to electronic structure of the
manganese cluster. Each Mn oxidation state has a
typical range of hyper¢ne and zero-¢eld splitting ten-
sors, with the exact values of the hyper¢ne and zero-
¢eld splitting tensors sensitive to the coordination
environment around the manganese ion. As a result,
accurate determination of these two parameters as-
sociated with a Mn ion will enable an accurate pre-
diction of the oxidation state of that Mn ion, and
will potentially reveal whether the ion is ¢ve or six
coordinate. The magnitudes of the Jjk couplings de-
pend on the chemical bonding between the interact-
ing Mn ions. Because the structure of the manganese
cluster is not yet known, an accurate determination
of this set of exchange couplings will provide impor-
tant constraints for modeling the structure of the
OEC in a given S-state.
During oxygen evolution, the OEC cycles through
the ¢ve S-states, S0 to S4 [1,15]. Oxygen is evolved
during the S4- to S0-state transition. Although the
S0-state is the most reduced of the ¢ve S-states, it
is the S1-state which is dark-stable. Because each S-
state transition represents a one-electron oxidation of
the OEC (and presumably, but not necessarily, the
manganese cluster), the number of unpaired electrons
in the OEC alternates between even and odd with
each S-state transition. A cluster with an odd num-
ber of unpaired electrons will always have a para-
magnetic ground state and can thus be studied using
EPR spectroscopy. A cluster with an even number of
unpaired electrons can have either a diamagnetic or
paramagnetic ground state.
Fig. 1 shows the CW-EPR spectra for the S0-, S1-
and S2-states of the OEC. Also shown is the CW-
EPR spectrum of acetate inhibited PS II centers
trapped in the two spin interaction state S2^YZ. It
is immediately clear from Fig. 1 that EPR spectros-
copy is a highly suitable technique for the character-
ization of the various S-states of the OEC. A deter-
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mination of the isotropic exchange couplings for
each state will allow prediction of the physical ar-
rangement of the manganese ions. A determination
of the 55Mn hyper¢ne tensors and zero-¢eld splitting
terms will indicate the valences of the individual
manganese ions and symmetries of their ligand ¢elds.
Furthermore, these parameters can be addressed in
theoretical calculations of the electronic structure of
the manganese cluster. Such electronic structure cal-
culations have the potential of serving as a basis for
modeling the actual mechanism of oxygen evolution
[16]. In this context, analysis of the S0, S1, and S2
EPR signals provides information about the Mn
cluster in each of these states, while the S2^YZ spec-
trum brings the crucial tyrosine radical and its inter-
action with the S2 form of the Mn cluster into play.
2. Discussion
2.1. The S2-state
Of the paramagnetic S-states, the EPR properties
of the S2-state have been characterized most exten-
sively. Therefore we begin our detailed discussion
halfway around the cycle at S2. The historical ‘pop-
ularity’ of the S2-state arises in part from its simple
1-£ash or continuous 195 K illumination generation
starting from the dark stable S1-state, and the fact
that it is a half-integral spin state. In general, systems
containing an odd number of electrons are more
easily characterized than systems with an even num-
ber of electrons, such as the S1-state. The ¢rst EPR
spectrum of the S2-state was reported in 1981 [17].
The S2-state of the OEC produces two very dis-
tinct classes of EPR signals. In Fig. 1c, a 55Mn hy-
per¢ne-resolved signal is centered near g = 2 (W3450
G) and a broader signal without hyper¢ne structure
is centered near g = 4.1 (W1700 G) [17^19]. The hy-
per¢ne-resolved g = 2 signal is referred to as the ‘mul-
tiline’ EPR signal, while the signal at g = 4.1 is crea-
tively called the g = 4.1 signal. Once it became clear
by the mid-1980’s that both signals arose from the S2
state [20], a debate ensued concerning their relative
origins. One possibility is that both signals arise from
a common cluster, with a tetranuclear cluster being
the favored candidate because of the 4:1 Mn:PS II
stoichiometry. For such a common cluster model,
one must posit a spin conversion between an S =
1/2 form that gives rise to the g = 2 multiline and a
higher spin form (most likely S = 5/2) that gives rise
to the g = 4.1 signal [20,21]. Another possibility is
that the signals arise from two distinct centers. The
original version of the separate centers model
pointed out that the g = 4.1 signal could arise from
an isolated S = 3/2 Mn(IV) ion [22], though the sub-
sequent detection of at least 16 55Mn hyper¢ne fea-
tures in the g = 4.1 spectra of oriented ammonia-
treated PS II membranes made this unlikely [23],
along with a multifrequency EPR study that favored
an S = 5/2 assignment [24]. In a more recent incarna-
tion of the separate center model, the g = 4.1 signal
has been proposed to arise from a Mn dimer ex-
change-coupled to a radical species [25,26]. The
g = 2 multiline would then arise from a separate
Mn(III,IV) dinuclear center. Given the greater spec-
Fig. 1. Comparison of the 55Mn hyper¢ne resolved EPR signal
associated with the S-states of the OEC. (a) S0-state of 5%
MeOH spinach PS II centers (reproduced from [57] with kind
permission of the authors; (b) S1-state of Synechocystis PS II
centers; (c) S2-state of 3% MeOH spinach PS II centers; (d)
S2^YZ-state of acetate inhibited PS II centers.
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tral linewidth for the PS II signal when compared to
a host of Mn(III,IV) model compounds [27^31], this
model mandates very large hyper¢ne interactions for
the PS II cluster [25,26].
If the S2-state is trapped in the presence of 5%
methanol, the intensity of the g = 4.1 signal is signi¢-
cantly reduced, while the intensity of the g = 2 signal
is increased [20]. Electron spin echo envelope modu-
lation (ESEEM) spectroscopy in our laboratory
strongly suggests that the methanol binds to the
manganese cluster [32]. Recent work from Boussac
et al. has suggested that the two di¡erent S2-state
populations are created during illumination[33,34].
These workers propose that initially all PS II centers
are formed in the g = 2 multiline form of the S2-state.
However, if the manganese cluster of a g = 2 S2-state
PS II center absorbs near-IR light in the 780^820 nm
region, the manganese cluster undergoes a change in
its electronic structure. This change in electronic
structure results in a change in the magnetic proper-
ties of the manganese cluster and a corresponding
change in the EPR signal from the g = 2 multiline
signal to the g = 4.1 signal.
A number of biochemical treatments will cause PS
II centers to lose their ability to evolve oxygen [2].
Many of these treatments are reversible, such as the
depletion of the PS II centers of Ca2 and Cl3 or the
addition of ammonia. These three treatments prevent
the OEC from proceeding beyond the S2-state [35^
38]. Each of these inhibitory treatments a¡ects the
EPR signals of the S2-state. PS II centers lacking
Ca32 or treated with ammonia have g = 2 multiline
signals which are altered in comparison to untreated
samples. ESEEM experiments clearly demonstrate
that ammonia binds to the manganese cluster, most
likely as a bridging ligand [39].
A number of researchers have attempted to mine
the wealth of chemical and structural information
contained in the g = 2 multiline signals through spec-
tral simulations [5,7,25,26,40^43]. In all cases, the
spectral simulations of the CW-EPR spectra of the
S2-state g = 2 signal are performed using a coupled
spin Hamiltonian such as our Eq. 2. However, no
two research groups have reported the same sets of
e¡ective 55Mn hyper¢ne tensors. In Table 1, we sum-
marize some of the most recent simulations of the S2-
state multiline signal which have been used to predict
the structure of the manganese cluster.
Recently, Zheng and Dismukes have analyzed the
S2-state g = 2 multiline CW-EPR spectra of un-
treated, ammonia-treated and Ca2-depleted PS II
centers [42]. While the majority of their structural
analysis focuses on variants of the Berkeley
EXAFS-derived ‘dimer of dimers’ structure, they in-
dicate that structures based on a trimer/monomer
motif may be consistent with their analysis. They
considered both the Mn(III,III,III,IV) and Mn(III,
IV,IV,IV) valence assignments. Because the Mn(III,
III,III,IV) valence assignment provides the best spec-
tral analysis of their three experimental S2-state
CW-EPR spectra, they conclude that this is the prop-
er assignment. However, this valence assignment is in
direct contradiction with the S2-state valence assign-
ment of Mn(III,IV,IV,IV) as predicted by a number
of XANES experiments [10^13].
Hasegawa et al. have analyzed the CW-EPR spec-
trum of the S2-state g = 2 multiline signal of oriented
alcohol-PS II centers in terms of the Mn(III,IV,
Table 1
55Mn hyper¢ne tensors used to simulate the S2-state multiline signal
Model MnA : APX , APY , APZ
(MHz)
MnB : APX , APY , APZ
(MHz)
MnC : APX , APY , APZ
(MHz)
MnD : APX , APY , APZ
(MHz)
Oxidation states
Zheng and
Dismukes (1996)
237, 237, 237 237, 237, 237 3257, 3257, 3337 3280, 3280, 3300 1(III), 3(IV)
Zheng and
Dismukes (1996)
3277, 3277, 3363 3277, 3277, 3363 226, 226, 288 250, 250, 226 3(III), 1(IV)
Hasegawa et al.
(1999)
248, 232, 245 291, 284, 194 110, 106, 117 294, 304, 294 1(III), 3(IV)
Aî hrling et al.
(1995)
548, 650, 174 3263, 3367, 3140 2(III)+radical
Quadrupole 321.3, 328.0, 49.3 51.2, 326.9, 324.4 2(III)+radical
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IV,IV) valence assignment [40,41]. As shown in Table
1, their spectral simulation parameters are distinctly
di¡erent than those of Zheng and Dismukes. In or-
der to perform their structural analysis, they perform
an impressive exploration of the possible values of
the isotropic exchange couplings, Jjk which are con-
sistent with their spectral simulations. Their ¢nal
conclusion is that the structure of the manganese
cluster consists of a distorted cubane motif.
Aî hrling et al. have analyzed the S2-state g = 2 mul-
tiline signal in terms of a Mn(III)^Mn(III) dimer
strongly magnetically coupled to a nearby organic
radical, presumably a oxidized histidine or tyrosine
amino acid residue [25,26]. They propose that a sec-
ond EPR silent (S = 0) Mn(III)^Mn(III) center is
nearby. While they demonstrate that such a model
can adequately reproduce the main features of the
g = 2 multiline signal, they must use a valence assign-
ment which is not consistent with the XANES ex-
periments[10^13]. More importantly, they must use
55Mn hyper¢ne tensors and 55Mn quadrupole tensors
which are unprecedented in manganese model chem-
istry (see Table 1).
The diversity in the reported spectral simulations
of the S2-state multiline spectrum demonstrates that
CW-EPR spectroscopy alone is insu⁄cient to devel-
op a unique understanding of the magnetic proper-
ties of the S2-state manganese cluster. It is a complex
system. For a tetranuclear cluster with a S = 1/2 elec-
tron spin ground state and four I = 5/2 55Mn nuclei,
there will be 1296 allowed EPR transitions contrib-
uting to a CW-EPR spectrum. In Fig. 1c, only 18 to
22 distinct features are present in the g = 2 multiline
signal. As a result, the EPR spectral analysis is sig-
ni¢cantly underdetermined.
A very powerful experimental technique exists
which can signi¢cantly increase the number of spec-
troscopic observables and which is inherently sensi-
tive to the 55Mn hyper¢ne and quadrupole tensors,
namely ENDOR spectroscopy. EPR probes the elec-
tron spin magnetic moments in a system, while EN-
DOR also probes the magnetically coupled nuclear
spin magnetic moments in a system. While a tetra-
nuclear manganese cluster will have 1296 allowed
EPR transitions, it will typically have only 40 al-
lowed ENDOR transitions. Thus, the ENDOR spec-
trum is less spectrally congested, leading to accurate
determinations of the tensors that directly in£uence
the ENDOR spectrum, namely the hyper¢ne and
quadrupolar tensors. (The other important ENDOR
parameter, the nuclear gyromagnetic ratio that deter-
mines the nuclear Zeeman contribution, is ¢xed for a
given nucleus.)
Therefore, in order to overcome the limitations
inherent in CW-EPR spectroscopy we have per-
formed a series of ESE-ENDOR experiments on
the S2-state g = 2 multiline signal, targeting un-
treated, MeOH-treated and ammonia-treated PS II
centers [43]. The electron spin echo ENDOR experi-
ment is a pulsed EPR/ENDOR technique, as op-
posed to CW-ENDOR, which is also commonly em-
ployed. We ¢nd in practice that the pulsed ENDOR
gives relatively £at baselines over the very wide fre-
quency range necessary to do the 55Mn ENDOR
experiments. This £atness may result from the tem-
poral decoupling of the signal detection from the
microwave and RF pulses, a feature intrinsic to
the spin echo experiment. Moreover, ESE-ENDOR
Fig. 2. (A) Light-minus-dark CW-EPR di¡erence spectra of 3%
MeOH-treated spinach PS II centers (solid line) and spectral
simulation (dashed lined). (B) Annealed-minus-dark CW-EPR
spectra of 100 mM NH4Cl-treated spinach PS II centers (solid
line) and spectral simulation (dashed line).
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tends to provide more accurate lineshapes than CW-
ENDOR, and therefore a more direct lineshape de-
termination.
Fig. 2 compares the CW-EPR spectra (solid line)
of MeOH-treated and ammonia-treated PS II centers
trapped in the S2-state. Fig. 3 shows the S2^S1 di¡er-
ence ESE-ENDOR spectra of MeOH-treated and
ammonia-treated PS II centers. The untreated CW-
EPR and ESE-ENDOR spectra (data not shown) are
very similar to the MeOH-treated spectra. The
MeOH PS II di¡erence ENDOR spectrum (solid
lines) shows intense features between 65 and 175
MHz which we assign to 55Mn nuclear transitions
with distinct peaks at 100, 120 and 148 MHz. Small
features are apparent in the di¡erence spectrum at 15
MHz and above 175 MHz. The 15 MHz peak is
easily assignable to protons. We have performed
these ESE-ENDOR experiments on multiple inde-
pendently prepared PS II samples and observe that
any small features at frequencies above 175 MHz are
not reproducible.
Fig. 3B shows that the 55Mn transition frequencies
are altered upon binding of the ammonia to the man-
ganese cluster in a manner consistent with the change
in the CW-EPR spectra in Fig. 2. The ammonia
sample CW-EPR spectrum shows a decrease in the
spacing of the 55Mn hyper¢ne lines relative the
MeOH sample CW-EPR spectrum, and peaks in
the ESE-ENDOR spectrum shift to lower frequency
upon ammonia binding. In the limit where the hyper-
¢ne coupling is larger than the Larmor frequency of
a nucleus (3.7 MHz for 55Mn at 3780 G), the EN-
DOR spectrum is centered roughly at Aiso/2 and the
hyper¢ne splitting in the CW will be Aiso. With this
association in mind, it is quite clear that both the
ESE-ENDOR and CW-EPR spectrum show a simi-
lar decrease in the 55Mn hyper¢ne coupling upon
binding of ammonia. This correlation between the
change in the CW-EPR spectra and ESE-ENDOR
spectra upon binding of ammonia demonstrates
that the ESE-ENDOR spectra in Fig. 3 are from
the manganese cluster and not some other paramag-
netic species.
2.2. Spectral simulations
We have simultaneously simulated the MeOH and
ammonia PS II CW-EPR and ESE-ENDOR data in
Table 2
Parameters used to simulate the S2-state multiline CW-EPR and ESE-ENDOR spectra in Figs. 2 and 3
MeOH Ammonia
MnA MnB MnC MnD MnA MnB MnC MnD
APX (MHz) 3232 200 3311 180 208 3150 222 3295
APY (MHz) 3232 200 3311 180 208 3150 222 3315
APZ (MHz) 3270 250 3270 240 158 3112 172 3390
PPe (MHz) 33 33 8 1 33 33 1 8
For MeOH-treated samples: gPP = 1.97, gPe = 1.99. For ammonia-treated samples: gPP = 1.99, gPe = 1.96.
Fig. 3. S2^S1 ESE-ENDOR di¡erence spectra of (A) 3%
MeOH-treated spinach PS II centers at 3780 G (solid line) and
spectral simulation (dashed line) ; (B) 100 mM NH4Cl-treated
spinach PS II centers at 3450 G (solid line) and spectral simula-
tion (dashed line). (C) ESE-ENDOR spectrum of the S2^YZ-
state of acetate inhibited PS II centers (solid line) and spectral
simulation (dashed line) ; see [5] for simulation parameters.
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Figs. 2 and 3 using the spin Hamiltonian given by
Eq. 2. The results of these simulations are shown as
dashed lines in Figs. 2 and 3. Our simulation param-
eters are given in Table 2. We ¢nd that proper sim-
ulation of the spectra requires four 55Mn hyper¢ne
tensors. Examination of the ¢tting parameters shows
that the average isotropic hyper¢ne drops from 240
MHz (86 G) for the MeOH sample to 216 MHz (77
G) for the ammonia sample. This correlates with the
respective CW-EPR spectra in Fig. 2, where the aver-
age splitting of the hyper¢ne lines is reduced from
252 MHz (90 G) for MeOH to 228 MHz (82 G) for
ammonia.
2.3. Comparison with previous simulations
As shown in Table 1, a number of researchers have
reported simulations of the S2 state CW-EPR multi-
line spectrum using quite varied simulation parame-
ters. Fig. 4 compares the ESE-ENDOR spectrum of
MeOH-treated PS II centers with ESE-ENDOR sim-
ulations using these various literature parame-
ters[25,26,40^42]. It is clear from this comparison
that none of the previous simulations of the CW-
EPR data lead to adequate simulations of our exper-
imental ESE-ENDOR data. Fig. 4 very dramatically
demonstrates the power of being able to perform
simultaneously constrained simulations of the CW-
EPR and ESE-ENDOR data. While the models of
Hasegawa et al. [40,41] as well as Zheng and Dis-
mukes [42] do predict the high frequency portion of
the ESE-ENDOR data, they both fail to faithfully
predict the low frequency side. The dinuclear model
of Aî hlring et al. (Fig. 4D) [25,26] does not predict
any of the features of the experimental ESE-ENDOR
data.
The comparison in Fig. 4 is slightly prejudicial, in
that the 55Mn nuclear transition frequencies in an
ENDOR spectrum are sensitive to the exact value
of the 55Mn nuclear quadrupole tensor, P, in Eq. 2,
much more so than the electron spin transition fre-
quencies in a CW-EPR spectrum. Thus, the possibil-
ity exists then that the CW-EPR derived e¡ective
55Mn hyper¢ne tensors proposed by Hasegawa et
al. [40,41] as well as Zheng and Dismukes [42] can
provide a better simulation of our ENDOR data
with the inclusion of 55Mn quadrupole parameters.
Indeed, a full simulation must take into account 50
independent parameters, and in the process of opti-
mizing the match of the simulation to the experimen-
tal spectra, numerous local minima are present. As a
result, our ESE-ENDOR data should not be seen as
a categorical dismissal of the CW-EPR simulations
of Hasegawa et al. and Zheng and Dismukes. In-
stead, our ESE-ENDOR indicates that their CW-
EPR simulations, and the structural models for man-
ganese cluster derived from these simulations, need
further re¢nement. On the other hand, we see no
means by which we can reconcile our ESE-ENDOR
data with the dinuclear model of Aî hrling et al.
[25,26] which includes 55Mn quadrupole tensors
and predicts that the majority of the ESE-ENDOR
spectrum results from 55Mn nuclear spin transitions
with frequencies greater than 200 MHz. As a result,
we feel that our ESE-ENDOR data provide direct
experimental evidence against the dinuclear model
of Aî hrling et al. [25,26].
Fig. 4. Comparison of ESE-ENDOR spectrum of 3% MeOH-
treated spinach PS II centers (solid line) with spectral simula-
tions (dashed line) using parameters taken from [42] for (A)
and (B); [40,41] for (C) and [25,26] for (D). The simulations
are shown in the same order as the parameters are shown in
Table 1.
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2.4. Structural analysis
As discussed above, it is our goal to use EPR and
ENDOR spectroscopy to characterize the electronic
and physical structures of the manganese cluster. We
wish to calculate the zero-¢eld splitting term for each
of the four manganese ions as well the six isotropic
exchange interactions between the manganese ions.
In order to perform this task, the e¡ective 55Mn hy-
per¢ne tensors used in Eq. 2 to simulate the EPR
and ENDOR data in Figs. 2 and 3 must be trans-
formed into the intrinsic 55Mn hyper¢ne tensors of
Eq. 1. As discussed above, this is performed through
the calculation of a set of projection matrices which
depend on the sets of Jjk and Dì i.
From studies of dinuclear Mn(III,IV) complexes, a
set of typical intrinsic 55Mn intrinsic hyper¢ne ten-
sors can be constructed: Mn(III) APW210 MHz and
AeW150 MHz.; Mn(IV) APW210 MHz and
AeW220 MHz [27^30,42,44]. These tensors can be
used as a ‘standard’ set of intrinsic hyper¢ne tensors.
We know the e¡ective 55Mn hyper¢ne tensors from
our simultaneously constrained simulations of the
CW-EPR and ESE-ENDOR data of the MeOH
and ammonia-treated PS II centers in Figs. 2 and
3. In order to determine if a candidate structure for
the manganese cluster is consistent with the CW-
EPR and ESE-ENDOR data and simulations, one
needs to assign the valences and zero-¢eld splitting
tensors of the individual manganese ions as well as
the isotropic exchange couplings between each of the
manganese ions. Once these assignments are made,
then it is straightforward to calculate the correspond-
ing projection matrices. We use the method of Ben-
cini and Gatteschi[14]. If the calculated projection
matrices transform the e¡ective 55Mn hyper¢ne ten-
sors to the standard 55Mn intrinsic hyper¢ne tensors,
then we consider the candidate structure for the
manganese cluster to be viable from the perspective
of the CW-EPR and ESE-ENDOR data.
XANES experiments strongly indicate that the va-
lences of the manganese ions in the S2-state are three
Mn(IV) ions and one Mn(III) [10^13]. The typical
zero-¢eld splitting for Mn(III) and Mn(IV) are
MDMIII = 1^4 cm31 and MDMIV = 0.1^0.4 cm31. The
Mn(IV) zero-¢eld splitting is su⁄ciently smaller
than that of the Mn(III) that for our simulation pur-
poses we can assume DIV = 0 cm31.
EXAFS experiments have shown that the manga-
nese cluster in the S2-state contains two 2.7 Aî Mn^
Mn distances and one 3.3 Aî Mn^Mn distance [10^
13]. The Berkeley group has reported a number of
di¡erent arrangements of four manganese ions which
are consistent with these distance constraints. Fur-
thermore, the Berkeley group has shown that in am-
monia-treated samples, no signi¢cant structural
change occurs upon binding of ammonia. The one
change is that one 2.7 Aî Mn^Mn distance lengthens
slightly to 2.85 Aî [10]. It is a reasonable conclusion
that the same candidate structure must be applicable
to both the MeOH and ammonia-treated PS II
systems. In terms of isotropic exchange interactions,
the 2.7^2.85 Aî W-oxo bridged structure results in a
strong antiferromagnetic coupling, J63100 cm31
[27,28,45,46]. On the other hand, the longer 3.3 Aî
distance can be associated with both antiferromag-
netic and ferromagnetic couplings, 3406 J6 20
cm31 [29,45]. A number of EPR experiments have
shown that the ¢rst excited state is 30 to 40 cm31
above the ground spin state [1,22,25,47]. As a result,
the isotropic exchange coupling parameters must be
chosen so as to meet this restriction as well.
Our initial modeling constraints are therefore:
1. Oxidation states: three S = 3/2 Mn(IV) ions and
one S = 2 Mn(III).
2. Zero-¢eld splitting: for Mn(III), MDIIIM= 1^4
cm31, for Mn(IV), DIV = 0.
3. Exchange coupling:
2.7 Aî distance, strong antiferromagnetic cou-
pling J63100 cm31.
3.3 Aî distance, weak antiferro- or ferromag-
netic coupling 3406 J6 20 cm31.
4. First excited spin state: calculated to be 30 cm31
above the ground state.
These constraints are very similar to those used by
Hasegawa et al. [40,41] and we arrive at a very sim-
ilar conclusion. The hyper¢ne matrices determined
by the ENDOR experiment are best simulated by
structures corresponding to the ‘trimer^monomer’
coupling model shown in Scheme 1.
The couplings JAB and JBC are strongly antiferro-
magnetic (JAB and JBC63100 cm31), and therefore
correspond to the two 2.7 Aî Mn^Mn distances. JD is
weakly antiferromagnetic (JDW310 to 325 cm31).
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If the two strongly coupled, 2.7 Aî Mn^Mn distances
do not share a common manganese ion then it is very
di⁄cult to satisfy condition (4). Coupling schemes
other than the one shown above which will satisfy
condition (4) require a very delicate balancing of ex-
change couplings and are not very robust solutions
since they require relaxing of condition (3) to allow a
greater range of coupling constants. We feel these
minor solutions need not be considered unless new
structural information demonstrates that simple
structures based on Scheme 1 are invalid. For further
discussion of the trimer/monomer coupling scheme
see Peloquin et al. [43].
Examination of the possible structures consistent
Fig. 5. A possible structure for the manganese cluster based upon the ESE-ENDOR simulations.
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with the EXAFS constraints quickly shows that the
popular Berkeley ‘dimer of dimers’ model [10] will
not have a coupling scheme consistent with Scheme
1. A structure that is consistent with both the EX-
AFS constraints and the EPR data supporting cou-
pling Scheme 1 is shown in Fig. 5 [43]. This ¢gure
shows a trinuclear-monomer ‘Dangler’ model struc-
ture that corresponds to coupling Scheme 1. This
basic core structure is capable of reproducing both
the untreated/methanol-treated EPR and ENDOR
spectra as well as the ammonia-altered spectra. Rep-
resentative exchange couplings are shown in Fig. 5.
The valence arrangement that gives rise to the un-
treated/methanol-treated spectra is shown (more gen-
erally, adequate simulations result in the Mn(III)
residing on either end of the strongly coupled
trinuclear core, MnA or MnC in Scheme 1). To ac-
count for the ammonia-altered spectra, the Mn(III)
must reside at the monomer position, MnD, in
Scheme 1. This valence isomerization could result
from relative reduction potential shifts triggered by
ammonia binding, for example, as a bridge between
the trinuclear core and the monomer. In order to
give rise to a high spin state to account for the
g = 4.1 signal, the weak exchange coupling path be-
tween the trinuclear core and the monomer must
change to be ferromagnetic. This could occur, for
example, as a result of a small bond angle shift for
this relatively £exible bridge. With the valence ar-
rangement shown in Fig. 5, the change in the sign
of the coupling of the weak interaction alone would
result in an S = 7/2 ground state. However, if the
Mn(III) resides at the center of the trinuclear core,
MnB in Scheme 1, the favored S = 5/2 ground state
results. Such a valence change between the g = 2 mul-
tiline and g = 4.1 forms is suggested by the aforemen-
tioned IR experiments of Boussac and Rutherford
[33,34].
Our ‘Dangler’ model has a number of compelling
features. First, each of the manganese ions has a
unique coordination environment. Such di¡erentia-
tion suggests that each manganese serves a speci¢c
mechanistic purpose and that no voyuer manganese
ions are present. Second, the monomer, MnD is
unique in that only one ligand results as a bridge
to another manganese ion. The openness of it’s co-
ordination sphere suggests that it may be a site for
Table 3
Parameters used to simulate the S1-state parallel polarization multiline CW-EPR spectrum in Fig. 6
ge gP Ae (MHz) AP (MHz) D (cm31) E (cm31)
1.942 2.000 166 196 0.805 0.26
For this simulation all four Mn hyper¢ne tensors were assumed to be identical.
Fig. 6. (A) Simulations of the temperature dependence of the
S1-state multiline EPR signal (Fig. 1b) assuming four di¡erent
total spin states. (B) Simulation of S1-state multiline CW-EPR
spectrum in Fig. 1b assuming S = 2 and four identical Mn hy-
per¢ne tensors (see Table 3). (Data and simulations kindly pro-
vided by Dr. Kristy Campbell [55].)
Scheme 1.
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the water chemistry and or Cl3 binding. Further-
more, the number of available ligand positions will
allow the protein tremendous control of its chemical
properties. Third, an open bridging position exists
between the monomer manganese, MnD, and the tri-
nuclear core. Such a position may be used to form
the O^O bond between adjacent water substrates
bound to the monomer and core ions.
2.5. The split-signal (S2^YZ)
As discussed above, the ability of PS II centers to
evolve oxygen can be inhibited through the removal
of Ca2 or Cl3 or by the addition of ammonia [1,2].
Although these inhibited PS II centers do not evolve
oxygen, they can undergo two donor side turnovers.
While in oxygen evolving samples, two turnovers
would place the OEC in the S3-state, it is now known
that these inhibited systems are blocked at the S2^
YZ-state. Because both the tyrosine radical, Y

Z, and
the S2-state of the manganese cluster are paramag-
netic, EPR spectroscopy has been used extensively to
characterize this inhibited state in order to determine
if the locus of the inhibition is YZ or the manganese
cluster [5^8,35,36]. More importantly, EPR spectros-
copy has been used in order to determine the dis-
tance between YZ and the manganese cluster [5^
7,35].
Illumination of Ca2- or Cl3-depleted systems at
295 K in the presence of an exogenous electron ac-
ceptor as ferricyanide or PPBQ (paraphenyl benzo-
quinone) with rapid freezing to 77 K results in an
EPR spectrum similar to that shown in Fig. 1d. Be-
cause of its lineshape, this EPR signal is termed the
‘split signal’. Boussac et al. initially assigned the
‘split’ EPR signal spectrum to the S3-state of the
inhibited OEC [37]. Based upon UV absorption ex-
periments, Boussac et al. proposed that the double
turnover of these inhibited PS II centers does not
result in two oxidations of the manganese cluster,
but instead results in a single oxidation of the man-
ganese cluster to the S2-state along with the oxida-
tion of a histidine amino acid residue, with the ‘split’
EPR spectrum resulting from a weak magnetic cou-
pling between the S = 1/2 S2-state manganese cluster
and the S = 1/2 histidine cation radical [48]. Hallahan
et al. challenged this histidine cation assignment and
proposed that the inhibited S3-state is S2^YZ [38].
Through a series of ESE-ENDOR and ESEEM ex-
periments, we have clearly demonstrated that the
‘split’ EPR signal is an S2^YZ interaction spectrum
[5,35,49].
When two paramagnetic centers are present, a di-
polar through-space interaction, D, will exist between
the magnetic moments of the two centers, as well as
an isotropic electron exchange interaction. The
strength of dipolar interaction is inversely propor-
tional to the cube of the distance between the mag-
netic moments. Gilchrist et al. calculated a 4.5 Aî YZ^
Mn distance in Ca2-depleted PS II centers assuming
the split signal width is determined entirely by dipo-
lar coupling [35]. However, more rigorous EPR ([5^
7]) and ENDOR ([5]) simulations have shown that in
fact the isotropic exchange interaction dominates,
consistent with an earlier assignment by McLachlan
et al. [8]. The resulting smaller dipolar coupling cor-
responds to a longer YZ^Mn distance of approxi-
mately 6 to 9 Aî . This distance appears close enough
to allow some form of proton coupled electron trans-
fer to occur during S-state advancement [1,3,35].
An important question is why does the removal of
Ca2 or Cl3 prevent the OEC from advancing be-
yond formation of the S2^YZ-state. Possibly, the re-
dox properties of YZ or the manganese cluster are
altered. As we discussed above, we predict that am-
monia inhibition is associated with a change in the
redox properties of one or more of the manganese
ions of the cluster following ammonia binding. Anal-
ysis of the CW-EPR and ESE-ENDOR spectra of
the S2^YZ-state should be able to advance our
understanding of the mechanism of inhibition.
Along these lines, Szalai and Brudvig demon-
strated that addition of NO to acetate inhibited PS
II centers showing the split signal results in a YZ^NO
species which has an S = 0 spin, and therefore, the
only paramagnetic species in the S2^YZ^NO-state is
the S = 1/2 S2-state manganese cluster [36]. The S2^
YbZ^NO-state is identical to the CW-EPR spectrum
of the S2-state of uninhibited PS II centers. Peloquin
et al. reported the ESE-ENDOR spectrum of the S2^
YZ state (Fig. 3C). In a weakly coupled system, such
as S2^YZ, the spin system contains four electron spin
manifolds. Two of these manifolds have 55Mn nu-
clear transition frequencies which are identical to
the 55Mn nuclear transition frequencies of the S2-
state in the absence of magnetic interaction with
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YZ. The other two manifolds have
55Mn nuclear
transition frequencies which are reduced relative to
the unperturbed 55Mn transitions. It is clear from
Fig. 3C that the ESE-ENDOR spectrum of the S2-
state contains features which are very similar to
those of the Fig. 3A. Together, the experiments of
Peloquin et al., [5] and Szalai and Brudvig [36]
clearly suggest that the structure of the manganese
cluster in the S2^YZ-state of inhibited PS II centers is
very similar to that of oxygen evolving PS II centers.
This similarity would suggest that the cluster itself is
not the locus of inhibition.
Because the ESE-ENDOR spectrum of the acetate
inhibited PS II centers (Fig. 3C) has features in com-
mon with the ESE-ENDOR spectrum of non-inhib-
ited PS II centers (Fig. 3A), it is tempting to propose
that these features arise from a percentage of PS II
centers which are not inhibited and which become
trapped in the multiline form of the S2-state without
formation of YZ. In this case, the ‘multiline’ popula-
tion of centers would give rise to the three high fre-
quency features in Fig. 3C and the ‘split signal’
would only give rise to the low frequency features.
However, analysis of the magnitude of the ESE-EN-
DOR signals in Fig. 3A,C demonstrates that at least
90% of the PS II centers in the acetate-treated sample
would need to be trapped in the standard multiline
form of the S2-state to account for the ENDOR in-
tensity, while the CW-EPR and ESE-EPR ¢eld swept
spectra presented by Peloquin et al. [5], clearly show
that no greater than 5% of the PS II centers in the
acetate-treated PS II centers are trapped in the multi-
line form. Although the simulation in Fig. 3C does
not completely reproduce the low frequency peak, it
clearly does demonstrate that the ESE-ENDOR
spectrum of an exchange coupled spin system must
have features which resemble the ESE-ENDOR spec-
trum of the uncoupled spin systems [5,14]. It can
then be de¢nitively concluded that in acetate-treated
PS II centers trapped in the state giving rise to the
split EPR signal, the S = 1/2 spin manganese cluster
is weakly exchange coupled with the nearby S =
1/2YZ radical, and this exchange coupled pair is the
origin of the ESE-ENDOR spectrum in Fig. 3C.
2.6. The S1-state
Since the S1-state is one-electron reduced relative
to the S2-state, which is known to have an odd num-
ber of electrons, the S1-state must then have an even
number of electrons. Therefore, the S1-state will be
an integer spin, including the diamagnetic S = 0 pos-
sibility. The ¢rst report of an EPR signal associated
with the S1-state of the OEC was in 1992 by Dex-
heimer and Klein using parallel mode EPR spectros-
copy on spinach membrane fragments [50]. This sig-
nal is centered at an e¡ective g = 4.8 and the signal is
very broad and contains no resolved 55Mn hyper¢ne
structure. The signal was reproduced in 1997 by Ya-
mauchi et al. [51]. The lack of hyper¢ne structure
prevents a detailed analysis of the properties of the
paramagnetic system giving rise to the g = 4.8 signal
and, furthermore, the lack of resolved 55Mn hyper-
¢ne structure raises the possibility that the signal
reported by these two groups does not actually arise
from the manganese cluster. On the other hand, a
2Mn(III)2Mn(IV) integer spin model compound has
been shown to give rise to a very similar non-hyper-
¢ne resolved parallel mode EPR signal [52].
A 55Mn hyper¢ne resolved spectra of the S1-state
of the manganese cluster was ¢nally reported in 1998
by Campbell et al. (Fig. 1B) [53]. This S1-state multi-
line spectrum was obtained from PS II core com-
plexes isolated from Synechocystis. This discovery
raises the question as to why a similar signal is not
observed in spinach PS II membrane fragments cen-
ters. This question was at least partly answered in a
paper demonstrating that, in spinach membrane
fragments and resolved spinach core particles, that
this g = 12 multiline signal is present only in the ab-
sence of the 17 and 23 kDa extrinsic proteins which
bind to the lumenal surface of the PS II complex [54].
PS II centers from Synechocystis do not have the 17
and 23 kDa extrinsic proteins. The presence of the 17
and 23 kDa extrinsic proteins somehow modulates
the magnetic properties of the manganese cluster in
the S1-state. While the S1-state must have an electron
spin Ss 0 in order to observe the parallel mode sig-
nal, the actual value of S is not currently known. We
are currently working to determine the spin state and
to rigorously simulate this integer spin multiline EPR
signal in order to learn more about the S1 cluster
structure. For example, Fig. 6A shows the experi-
mental temperature dependence of the S1 signal,
along with simulated temperature dependences for
di¡erent S values [55]. Such temperature dependence
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simulations tightly constrain the values of the zero-
¢eld splitting parameters that can be used in an EPR
simulation for that spin value. For example, Fig. 6B
shows a preliminary S = 2 simulation using the same
zero-¢eld splitting values employed in the S = 2 tem-
perature dependence simulation [55]. The experimen-
tal hyper¢ne pattern is well reproduced with four
55Mn hyper¢ne tensors. For this speci¢c simulation,
the four tensors were chosen to be identical for com-
putational simplicity. More work is needed to see if
other S values can give good temperature depen-
dence and spectral simulations, and to determine
how well the hyper¢ne tensors can be established
for this integer spin form of the cluster. Ultimately,
parallel mode ENDOR may be useful in an analo-
gous fashion to our S2 work.
2.7. The S0-state
Since the S0-state is one-electron reduced from the
S1-state, it should have an odd number of electrons
just like the S2-state, and therefore potentially a
ground spin state of S = l/2. Proper characterization
of the S0-state encounters a number of experimental
obstacles. First, under normal physiological condi-
tions, it is necessary to perform three separate illumi-
nations of PS II centers to advance the system from
the S1 resting state around the cycle to the S0-state.
Second, because of the large number of chlorophyll
antennae molecules, quantitative turnover of PS cen-
ters requires either high light intensities or dilute
samples. Third, even with su⁄cient light intensity,
every S-state transition has only a 85 to 95% quan-
tum yield. With three turnovers needed, this other-
wise high quantum yield results in a signi¢cant
scrambling of PS II centers among the various S-
states. This scrambling will be particularly problem-
atic if any appreciable S2-state population is present,
since the S2-state provides strong EPR signals that
could obscure or overlap with any half-integral S0-
state signals.
Realizing the problems associated with S2-state
contamination, Messinger et al. have developed two
procedures for preparing PS II centers with a large
S0-state population and a negligible S2-state popula-
tion [56,57]. The ¢rst procedure uses reducing agents
such as hydroxylamine and hydrazine to convert S1-
state PS II centers into the S0*-state PS II centers
[56]. This may not be a directly physiologically rele-
vant state, hence the S0* notation, but this work does
demonstrate that a hyper¢ne resolved S0-state g = 2
CW-EPR spectrum can be generated. However, this
multiline signal form is only clearly observed if a
small amount of methanol is present in the sample.
The second, more physiologically relevant procedure
uses three intense pulses of light to drive an optically
dilute sample of PS II centers (W1 mg Chl/ml) from
the S1-resting state to the S0-state. The ARDY-re-
agent FCCP is then added to destabilize any S2 or
S3 state PS II centers, converting them back to the
perpendicular EPR silent S1-state [57]. The samples
are then concentrated for spectroscopic analysis. This
elegant procedure prepares a highly concentrated
sample (W30 mg Chl/ml) with the majority of PS
II centers trapped in the S0-state and the remaining
PS II centers trapped in the S1-state without contrib-
uting perpendicular EPR background signals. Fig. 1a
shows the CW-EPR spectrum of the S0-state pre-
pared using this illumination/FCCP protocol. In
this study, Messinger et al. demonstrate that a g = 2
CW-EPR signal is present in the S0-state even with-
out the addition of MeOH, but that the CW-EPR
signal only has resolved 55Mn hyper¢ne structure in
the presence of MeOH. We have shown that meth-
anol binds directly to the cluster at the S2-state [32],
and perhaps earlier S0-state methanol ligation is re-
quired to generate the multiline signal form.
Independently, Aî hrling et al. have also reported a
55Mn hyper¢ne resolved CW-EPR signal for the S0-
state [58]. They used very intense laser pulses to trap
a concentrated PS II sample (W3.5 mg/ml) in the S0-
state without the addition of FCCP but containing
MeOH. The lack of FCCP results in a sample which
contains both S0 and S2-state PS II centers. Aî hrling
et al. are able to quantitate the amount of S2-state
contamination in their S0-state CW-EPR spectrum,
and are able to extract an S0-state CW-EPR spec-
trum which is similar to that of Messinger et al.
2.8. Structural analysis
At this point the S0-state signal is at roughly the
same stage of characterization as the S2-state multi-
line was in the mid-1980’s. What can we say about
the structure of the S0-state form of the cluster based
on the current level of analysis? Aî hrling et al. [58]
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propose that a single Mn(II,III) unit is responsible
for the S0-state CW-EPR spectrum, but provide no
spectral simulations to support this proposal. This
idea seems largely based on the dinuclear Mn(III,IV)
S2-state model proposed earlier by Aî hrling and Pace
[25,26], but given that the 55Mn ENDOR would ap-
pear to rule out this dinuclear model, and also that
the S0-state EXAFS show a similar S0-state structure
as for the S1- and S2-states [59], we prefer to concen-
trate on tetranuclear models for the S0-state spin
system.
Based upon spectral simulations of the CW-EPR
spectrum of the S0-state as well as XANES experi-
ments on the S0-state, Messinger et al. predict that
the manganese cluster in the S0-state consists of four
manganese nuclei, with a valence assignment of
Mn(II,III,IV,IV) or Mn(III,III,III,IV) and arranged
in a ‘dimer of dimer’s’ structure [57]. Although they
report projection matrices to support their structural
assignment and either valence assignment, they do
not report the exchange couplings, Jjk, used to cal-
culate these projection matrices. We have not been
able to reproduce the projection matrices reported by
Messinger et al. for either the Mn(II,III,IV,IV) or
Mn(III,III,III,IV) valence assignments without as-
signing ferromagnetic couplings within the di-W-oxo
bridged Mn^Mn units in the ‘dimer of dimer’s’ struc-
ture. However, such an assignment violates our ear-
lier assumption (3), that such couplings should be
strongly antiferromagnetic.
We are, however, able to generate the projection
matrices reported by Messinger et al. for both the
Mn(II,III,IV,IV) and Mn(III,III,III,IV) valence as-
signments using our trimer/monomer ‘Dangler’ struc-
tural model shown in Fig. 5 and Scheme 1. Several
arrangements of the oxidation states reproduce the
projection matrices. We have begun to perform our
own simulations of the S0-state CW-EPR signal, but
as yet we cannot determine which valence assignment
will yield the best simulation. Such a determination
will most likely require ESE-ENDOR experiments
similar to what we have reported for the S2-state
[43] (vide supra).
3. Conclusions
In conclusion, it is an exciting time for progress in
our understanding of oxygen evolution, as seen in
the many chapters of this special BBA volume.
EPR spectroscopy continues to play a key role in
providing insights into this crucial biochemical reac-
tion. In particular, recent progress in developing new
EPR spectroscopic handles for S-states other than
S2, and as well detailed new characterization of the
venerable S2-state signals, are giving new knowledge
about the structure of the catalytic Mn cluster and its
interaction with the adjacent YZ radical. This short
review only focuses on these structural insights
gained by EPR methods, but as described in Section
1, EPR can and is contributing also to our knowl-
edge of the details of the water splitting catalysis,
including characterization of substrate binding and
oxidation, as well as providing new insights into in-
hibition mechanisms and the functional roles of the
Cl3 and Ca2 cofactors.
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